The phosphorus contents of acid-soluble pools, lipid, ribonucleic acid, and acidinsoluble polyphosphate were lowered in Synechococcus in proportion to the reduction in growth rate in phosphate-limited but not in nitrate-limited continuous culture. Phosphorus in these cell fractions was lost proportionately during progressive phosphate starvation of batch cultures. Acid-insoluble polyphosphate was always present in all cultural conditions to about 10%o of total cell phosphorus and did not turn over during balanced exponential growth. Extensive polyphosphate formation occurred transiently when phosphate was given to cells which had been phosphate limited. This material was broken down after 8 h even in the presence of excess external orthophosphate, and its phosphorus was transferred into other cell fractions, notably ribonucleic acid. Phosphate uptake kinetics indicated an invariant apparent Km of about 0.5 ,M, but Vm. was 40 to 50 times greater in cells from phosphate-limited cultures than in cells from nitrate-limited or balanced batch cultures. Over 90% of the phosphate taken up within the first 30 s at 150C was recovered as orthophosphate. The uptake process is highly specific, since neither phosphate entry nor growth was affected by a 100-fold excess of arsenate. The activity of polyphosphate synthetase in cell extracts increased at least 20-fold during phosphate starvation or in phosphate-restricted growth, but polyphosphatase activity was little changed by different growth conditions. The findings suggest that derepression of the phosphate transport and polyphosphate-synthesizing systems as well as alkaline phosphatase occurs in phosphate shortage, but that the breakdown of polyphosphate in this organism is regulated by modulation of existing enzyme activity.
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The importance of phosphate supply in regulating the growth of aquatic organisms is widely recognized and has prompted a number of investigations into the uptake and distribution of phosphate in eucaryotic (1, 10, 11, 34, 35) and procaryotic (4, 5, 13, 20, 21, 37) microorganisms. Such studies have emphasized that the phosphate content of whole cells and of individual cell components can be varied over quite wide limits and also that phosphate uptake capacity depends on the previous history of the cells (4, 13, 38, 42) . This is also true of polyphosphate, which can be accumulated to the extent of 50% or more of the total cell phosphorus if celLs are provided with energy and phosphate in excess but are restricted by some other nutrient, such as nitrogen or sulfate (16, 18) , or if the cells are supplied with phosphate after a period of deprivation (1, 13, 40) .
Cyanobacteria are frequently prominent members of undesirable blooms in natural waters, in which phosphate availability is a com-mon limiting factor, and their phosphate relationships have been studied by a number of workers. Although continuous culture methods were employed in some of these investigations (5, 21) , the physiological state of the cells was less well defined in others (4, 20, 41) , so (29); a steady state was assumed when these parameters had remained constant for five volume changes in the culture vessel. A similar rule of thumb was followed after the dilution rate was changed. At steady state, the specific growth rate (In 2/doubling time) equals the dilution rate (22) . Photosynthetic pigments were estimated as described previously (23) .
Phosphate distribution and estimation. Pi was estimated as described by Dryer et al. (7) . Total phosphate was measured by using the same method after digestion of cell material by autoclaving in 10% (wt/ vol) K2S208 in tightly closed screw-capped tubes for 45 min at 121°C (4) . Radioactively labeled cells were fractionated as described by Roberts et al. (36) , except that CHC13-CH30H (3:1, vol/vol) was used for lipid extraction and RNA was solubilized by incubation in 0.3 N KOH for 16 h at 370C before DNA was hydrolyzed in hot 5% trichloroacetic acid. Polyphosphate and nucleic acid-derived phosphate in these fractions were separated by charcoal adsorption of nucleotides. Total phosphate in each fraction was obtained by K2S208 digestion of an appropriately sized portion. As used here, the term polyphosphate refers only to cold acid-insoluble polymer.
32P uptake. In long-term uptake experiments, washed cell suspensions from batch or continuous cultures were transferred to warmed medium preequilibrated with 1% C02-air and containing 0.2 to 0.15 mM phosphate (0.2 to 0.7 MCi/,umol). Cultures were diluted with temperature-and gas-equilibrated medium at intervals so that cell densities were kept between the limits of 30 14 ,000 lb/in.2 All subsequent steps were carried out at 0 to 40C. Unbroken cells and large debris were removed by centrifugation at 11,000 x g for 20 min. The supernatant was centrifuged again for 90 min at 96,000 x g, and the precipitate of green membranes was discarded. Solid (NH4)2SO4 (2.25 g/10 ml) was dissolved in the supernatant, and the whole solution was allowed to stand in ice for 30 min. The heavy precipitate, which contained more than 90% of the polyphosphate synthetase and polyphosphatase activities of the extract, was collected by centrifugation at 11,500 x g for 30 min. It was dissolved in 1 to 3 ml of G buffer and assayed at once. In one preparation 1 mM phenylmethyl sulfonyl fluoride was included in the buffer in which the cells were broken to inhibit protease activity which might be responsible for releasing membrane-bound proteins into the soluble portion. This did not affect the distribution of either enzyme activity after high-speed centrifugation.
Although polyphosphatase activity was unchanged after 3 weeks of storage in ice, about 30% of the polyphosphate synthetase activity was lost in 1 day, either in ice or frozen at -20°C. Inactivation was faster if (NH4)2SO4 or fB-mercaptoethanol was omitted from the suspending buffer. Neither enzyme activity decreased by more than 15% if whole cells were kept frozen at -60C for 6 weeks.
Polyphosphate synthetase. Polyphosphate synthetase was assayed by determining the rate of formation of acid-insoluble radioactive material from [y-32P]ATP (26, 32) Polyphosphate was extracted from hypochlorite digests of cells as described by Harold (14) . The final preparation was faintly opalescent and contained no detectable Pi before acid hydrolysis. The material was completely excluded from Sephadex G-50 and 85% was excluded from Sephadex G-75, suggesting that the average molecular weight was more than 50,000.
Internal water space. Internal water space was measured as previously descibed (23 protein). Cells growing at very low specific growth rates contained up to 15 times more carbohydrate than cells from unrestricted cultures, based on cell protein (data not shown). Despite such changes, growth could be maintained indefinitely.
Cell composition: transients. If balanced exponential cultures which had been uniformly labeled by growth for five doublings in excess Pi containing 32p043-were transferred to medium containing the same concentration of unlabeled Pi, the counts initially in the acid-soluble pools were chased within one doubling time (5 h), mainly into RNA. No loss of counts from RNA, DNA, or the polyphosphate fraction was observed over the subsequent 20 h of continued exponential growth (Fig. 1) . No labeled phosphate was found in the medium in these experiments.
When prelabeled cells were transferred to medium without added phosphate, there was a progressive and approximately proportionate loss ofphosphate from all cell fractions including polyphosphate (Fig. 2) . Again, no label was detected extracellularly. Net protein synthesis stopped after about 30 to 36 h, by which time RNA counts had been reduced to one-quarter of the starting value and the culture color had changed to yellow-green. As had been found previously (24) , the culture remained viable, and growth resumed on readdition of phosphate after a lag, the length of which depended on the duration of the starvation period. Figures 3A and B show that addition of phosphate to starved cultures did not lead to the direct restoration of the normal phosphorus distribution, but rather involved uptake to at least twice the ratios of phosphate to protein found in exponential cells. Between 3 and 7 h after the addition, more than 60% of the newly acquired phosphate was found as polyphosphate, and rapid incorporation into RNA was also seen (Fig.  3B) . Net protein synthesis resumed at an exponential rate between 8 and 10 h after phosphate was added, and at the same time the proportion of counts in polyphosphate began to decline toward normal levels, which were reached after about 35 to 40 h. Polyphosphate breakdown occurred despite the continued availability and uptake of Pi from the medium (Fig. 3A) .
Cells from phosphate-limited continuous cultures also showed excess phosphate uptake when transferred to phosphate-containing medium, to an extent that depended on the specific growth rate and initial ratio of phosphate to protein (Table 3) 50 to 60% of the phosphate accumulated after 5 to 6 h (data not shown).
Phosphate uptake kinetics. The initial rate of phosphate uptake also depended on the growth conditions. Cells from all types of cultures showed Michaelis-Menten uptake kinetics saturable at low concentrations. Kinetic constants obtained from double-reciprocal plots of experimnental results when cells grown under different conditions were used are summarized in Table 4 . Vms1,, was substantially greater in phosphate-restricted cells, but the apparent Km was not significantly affected by growth conditions. The increased maximnum uptake rate was clearly the result of phosphate limitation, since the apparent V,l,, of nitrate-limited cells of comparably low specific growth rates was close to that of unrestricted, rapidly growing cells. Phosphate uptake rates were reduced by 40% if cells were not illuminated, but virtually abolished if cells were kept both dark and anaerombic. The uncoupler carbonyl cyanide-p-trifluoromethoxy phenyihydrazone inhibited uptake at concentrations of more than 20 ,uM, and the fluorine analog FCCP was effective at approximately one-tenth this concentration. Arsenate at 100-fold excess over phosphate was without effect ( Table 5 ).
All of the radioactivity associated with cells after uptake periods of 1 to 2 min at 150C was acid soluble. Pi accounted for 93.3 ± 7.3% of the total counts in a total of 13 (Table 6 ). The changed activity could be attributed specifically to phosphate limitation, since extracts from nitrate-limited continuous culture had specific activities close to those from unrestricted cells. In contrast, although the specific activity of polyphosphatase in extracts from cells grown in continuous culture was about twice that of batch cultures, this was true for both phosphate-and nitratelimited conditions and was also independent of growth rate (Table 6 ). Figure 4 shows the changes in specific activity of polyphosphate synthetase in extracts prepared at intervals during phosphate starvation and recovery after addition of 1 mM Pi. A pro- (8, 30) . A significant part of the total cell phosphate was found to be sequestered as polyphosphate even at the lowest specific growth rate studied. Cells from phosphate-restricted growth took up phosphate to well above the levels found in unrestricted cells when Pi was added in excess, and polyphosphate accounted for about 60% of the total in the cells at the time when this total was at its peak.
Measurements of individual activities showed that phosphate limitation specifically increased (by factors of 30 to 50 times) both the maximum phate synthetase in extracts in cells from steady states and in cells from unrestricted growth transferred to phosphate-free medium for periods of about 40 h. No change in polyphosphatase activity occurred. An expected consequence under steady-state conditions would be that the efficiency with which cells could acquire phosphate from the medium would be raised, but that at the same time polyphosphate synthesis would compete more effectively with other, functionally more important, phosphate-utilizing reactions in such cells. The increased activities would also account for the rapid phosphate accumulation and polyphosphate formation seen when medium phosphate concentration was raised.
The high transport and polyphosphate synthetase activities characteristic of phosphate restriction were not maintained once Pi was resupplied, and both returned to values characteristic of unrestricted or nitrate-limited balanced cultures within about 6 to 8 h, that is, before significant net protein synthesis had occurred. This suggests either that there is specific inactivation of these cell components or that they have a quite rapid turnover under all conditions. In either case, these activities, like alkaline phosphatase (24) and glucose 6-phosphate dehydrogenase (33) activities, are clearly regulated in response to specific growth conditions.
Alkaline phosphatase was measured with other activities in this study (data not shown). With the exception that the specific enzyme activity appeared to decrease only after the resumption of net protein synthesis in refeeding experiments and could thus be accounted for primarily in terms of dilution of existing stable enzyme, the changes in alkaline phosphatase were parallel to those in transport and in polyphosphate synthetase. These activities thus appear to be coordinately regulated in wild-type cells ofSynechococcus, as they are in Aerobacter aerogenes where, however, polyphosphatase is also included (15, 16) . The potential for polyphosphate formation is not an essential characteristic (19) , and mutants of Synechococcus in which this is absent have been described recently (44) . A study of the other phosphaterelated activities described in this paper in such strains would be of obvious help in understanding the genetic relationships. The precise nature of the intracellular signal which regulates the expression of these activities is also as yet unknown. Although the size of the intracellular Pi pool can indeed be varied over about a 10-fold range, it seems at least as probable that a more sensitive indicator metabolite, as yet unknown, may be involved, as Willsky et al. (47) have suggested for E. coli.
The almost unvarying activity of polyphosphatase found in these experiments differs from findings with other systems (15, 16, 27, 28) . It was also unexpected since polyphosphate does not turn over during unrestricted growth and is not selectively mobilized during phosphate starvation. On the other hand, it is rapidly eliminated after excess formation has occurred after phosphate restriction; this breakdown becomes evident as soon as uptake and synthesis activities return to normal levels. In view of its kinetics, it is possible that substrate concentration may normally restrict the activity of this enzyme, which appears to be an exophosphatase, as it is in Corynebacterium xerosis (31) . How 
